are typically high salinity, low pH, and contain a rich assortment of dissolved elements (e.g., Aquilina et al. 1997; Sanjuan et al. 2010 Sanjuan et al. , 2016 .
Pore fluid salinity has been shown previously to influence the strength of sandstones. For example, Shukla et al. (2013) found, using an axial strain rate of 5 × 10 −5 s −1 , that the uniaxial compressive strength of two sandstones (both sourced from a quarry in southeast Melbourne, Australia) decreased (by 7.5 and 27%, respectively) up to a salinity of 5% NaCl, but increased (by 6.3 and 2.5%, respectively) as salinity was increased up to 15% NaCl. The observed decrease and increase in strength was interpreted by these authors as a result of (1) mineralogical interactions between salts and rock minerals and (2) salt crystallisation, respectively. Rathnaweera et al. (2014) found, using an axial strain rate of 2 × 10
, that the uniaxial compressive strength of Gosford sandstone (New South Wales, Australia) decreased (by 8.8%) as salinity was increased to 10% NaCl and then increased (by 9.7%) when salinity was increased to 30% NaCl. Triaxial experiments at confining pressures up to 60 MPa showed that the compressive strength of sandstone increased as salinity was increased from 0 to 30% NaCl (Rathnaweera et al. 2015; Huang et al. 2018) . However, Feucht and Logan (1990) found that the strength of sandstones saturated with low ionic strength solutions (NaCl, CaCl 2 , and Na 2 SO 4 ) did not change with respect to the water-saturated case, but that intermediate ionic strengths (1.0 M) increased the strength of the sandstone (by up to 20%) and high ionic strengths (5.0 M) decreased strength (by up to 20%). Nara et al. (2014) found that the velocity of a crack growing subcritically decreased and did not change, respectively, as salinity (NaCl) was increased up to 1.0 mol/l for Berea (clay-poor) and Shirahama sandstone (clay-rich). These authors considered that the presence of clays in the Shirahama sandstone influenced subcritical crack growth by changing the width of the electric double layer. The influence of pH on the strength of sandstones has received much less attention than the influence of pore fluid salinity. Singh et al. (1999) , for example, measured a reduction in the uniaxial compressive strength of sandstone from ~ 65 to ~ 40 MPa as the pH was reduced from 7 to 2. Wang et al. (2015) also found that low-pH pore fluids reduced the strength of sandstone deformed in triaxial compression. However, Feucht and Logan (1990) found that strength changes due to pH were only apparent for sandstone samples saturated with solutions of intermediate ionic (NaCl, CaCl 2 , and Na 2 SO 4 ) strength. Double-torsion experiments have shown that subcritical crack growth rates increase as the hydroxyl (OH − ) concentration is increased (Atkinson and Meredith 1981) . A recent study by Heap et al. (2019) provided strength data for samples of Buntsandstein sandstone from exploration well EPS-1 at the geothermal site at Soultz-sousForêts, France (Fig. 1) . The uniaxial compressive strength of the tested Buntsandstein samples, when oven-dry, ranged from ~ 50 MPa (for high-porosity samples; porosity ~ 0.25) up to ~ 250 MPa (for low-porosity samples; porosity ~ 0.04). These authors additionally showed that the ratio of water-saturated-to-dry strength of the tested Buntsandstein samples varied from ~ 0.55 to ~ 0.84, indicating that these sandstones are much weaker when saturated with water, in accordance with most other experimental studies on sandstones (e.g., Hawkins and McConnell 1992; Baud et al. 2000) . However, Heap et al. (2019) only deformed samples saturated with deionised water. In this contribution, we extend the study of Heap et al. (2019) by performing uniaxial compressive strength experiments on Buntsandstein samples taken from EPS-1 saturated with the in situ hydrothermal fluid (taken from production well GPK-2). These data can be used to help guide and optimise current geothermal sites in the Upper Rhine Graben and those currently in development (e.g., at Illkirch and Vendenheim, both in Alsace, France), that increasingly target the interface between the granitic basement and the overlying Permian and Triassic sedimentary rocks. For example, the Buntsandstein was stimulated at the Rittershoffen geothermal site (France; Fig. 1b ) in 2013 (Vidal et al. 2016; Baujard et al. 2017) . If certain lithologies are notably weaker or stronger when saturated with the in situ brine, such data could be used to help guide future stimulation strategies.
Case study: Soultz-sous-Forêts (France)
Soultz-sous-Forêts (e.g., Kappelmeyer et al. 1991; Baria et al. 1999; Gérard et al. 2006 ; Fig. 1 ) is one of many geothermal power plants located in the Upper Rhine Graben , a 350-km-long and 50-km-wide Cenozoic rift valley that extends from Frankfurt (Germany) to Basel (Switzerland). Geothermal energy exploitation is prevalent in this area due to the presence of anomalously high thermal gradients (areas of geothermal interest typically have thermal gradients > 80 °C) attributed to hydrothermal convection (e.g., Ledésert et al. 1996; Pribnow and Schellschmidt 2000; Buchmann and Connolly 2007; Guillou-Frottier et al. 2013; Baillieux et al. 2013; Magnenet et al. 2014) . The hydrothermal fluids at Soultz-sous-Forêts are high-salinity (total dissolved solids (TDS) is typically ~ 100 g/l) (Aquilina et al. 1997; Sanjuan et al. 2010; Scheiber et al. 2012) . The main electrolytes are Na are trace amounts of transition and post-transition metals, alkali metals, and alkaline Earth metals (in the μg to mg range) (Aquilina et al. 1997; Sanjuan et al. 2010; Scheiber et al. 2012) . The pH of the hydrothermal fluid at Soultz-sous-Forêts is typically between 5.0 and 6.0 and remains roughly constant from the wellhead down to a depth of about 3500 m (Aquilina et al. 1997; Sanjuan et al. 2010; Scheiber et al. 2012) . The geology at Soultz-sous-Forêts consists of a fractured Palaeozoic granitic basement (e.g., Ledésert et al. 1993; Genter and Traineau 1996; Genter et al. 1997; Hooijkaas et al. 2006; Sausse et al. 2006; Dezayes et al. 2010; Genter et al. 2010; Villeneuve et al. 2018; Glaas et al. 2018 ) and an overlying sequence of Permian and Triassic sedimentary rocks (Haffen et al. 2013; Vidal et al. 2015; Griffiths et al. 2016; Aichholzer et al. 2016; Heap et al. 2017; Kushnir et al. 2018a, b; Heap et al. 2019) . These rocks show evidence of alteration as a result of the circulating hydrothermal fluids (e.g., Ledésert et al. 1999; Sausse 2002; Sausse et al. 2006; Bartier et al. 2008; Ledésert et al. 2010; Fritz et al. 2010) . Exploration well EPS-1 provides full core (to a diameter of 78 mm between a depth of 930-1996 m and to a diameter of 57 mm from 1997 to 2227 m) of the lowermost part of the Muschelkalk unit (from 930 to 1007 m), the entire Buntsandstein unit (from 1008 to 1417 m), and about 800 m of the fractured Palaeozoic granitic basement. Due to the availability of core material, Soultz-sous-Forêts represents an ideal case study for investigating the physical and mechanical properties of the Buntsandstein, a unit known to be laterally extensive in the Upper Rhine Graben (Aichholzer et al. 2016; Vidal and Genter 2018) .
Materials and methods
The study of Heap et al. (2019) sampled the Buntsandstein lithostratigraphic unit (a stratigraphic column is provided in Fig. 2 ) at regular (~ 40-50 m) depth intervals (between 1008 and 1414 m) from the EPS-1 exploration well at the Soultz-sous-Forêts geothermal site. These authors provided values of "dry" (dried at 40 °C in a vacuum oven for at least 48 h prior to deformation) and "water-saturated" or "wet" (vacuum-saturated in deionised water and deformed in a water bath) uniaxial compressive strength for sandstones sampled from twelve depths. We test here the influence of saturation with hydrothermal fluid (vacuum-saturated in hydrothermal fluid and deformed in a bath of hydrothermal fluid) on a subset of these samples (six of the 12) chosen to represent the measured variability in grain size, porosity, and clay content (one sandstone from the Voltzia unit, one from the Couches Intermédiaires unit, two from the Karlstal unit, one from the Trifels unit, and one from the Anté-Annweiler unit; Fig. 2 ). The six samples collected from exploration well EPS-1 are feldspathic (> 10 wt% feldspar) or quartz-rich (< 10 wt% feldspar) sandstones that contain variable amounts of clay (muscovite/illitesmectite) (from 2 to 13.1 wt%) ( Table 1 ; Heap et al. 2017) . The average porosity and grain diameter of these samples vary from 0.076 and 0.144 and from 142 to 424 μm, respectively (Table 2 ; Heap et al. 2017) . The textural and microstructural features of these sandstones are summarised in Table 2 (see Heap et al. (2017) for further details) and back-scattered scanning electron microscope images, showing their microstructural and microtextural properties, are provided in Fig. 3 .
Nine-to-eleven cylindrical samples, 20 mm in diameter, were cored from the 6 m-long, 78 mm-diameter cores retrieved from the EPS-1 core repository at Merkwiller-Pechelbronn (Alsace, France) and precision ground to a nominal length of 40 mm. Photographs showing examples of the prepared samples are provided in Fig. 2 . The samples were cored so that their axes were parallel to the EPS-1 borehole (i.e., perpendicular to bedding). Once prepared, all of the samples were washed using tapwater (to remove any water-soluble grinding fluid) and then dried in a vacuum oven at 40 °C for at least 48 h. The connected porosity of each sample was determined using the connected (skeletal) volume measured by a helium pycnometer (Micromeritics AccuPyc II 1340) and the bulk volume calculated using the sample dimensions.
The prepared cylindrical samples were deformed uniaxially at a strain rate of 1.0 × 10
s −1 until macroscopic failure (the formation of a sample-lengthscale fracture). A third of the samples were deformed dry (dried at 40 °C in a vacuum oven for at least 48 h prior to deformation), a third wet (vacuum-saturated in deionised water and deformed in a water bath), and a third saturated with hydrothermal fluid (vacuum-saturated in hydrothermal fluid and deformed in a bath of hydrothermal fluid) (see Fig. 4 for a schematic diagram and a photograph of the experimental device). The saturation procedure consisted of two steps. First, the vacuum-dried samples were placed inside a bell jar that was then vacuumed for at least 12 h. Second, degassed (using a Venturi siphon with municipal 10.7 ± 0.7
13.1 ± 6.0
water as the motive fluid) deionised water or hydrothermal fluid was introduced into the bell jar whilst under vacuum. This procedure ensured that the samples were completely saturated. The hydrothermal fluid was taken from production well GPK-2 at the Soultz-sous-Forêts geothermal site; the composition of the fluid is provided in Table 3 . The hydrothermal fluid, sampled in 2011, is high-salinity (TDS of 97 g/l) and has a pH of 5.5 (Table 3) . Once saturated, the brine-saturated samples were left in a beaker of brine for 7 days prior to deformation. For the oven-dry samples, a lubricating wax was applied to the end-faces of the samples prior to deformation to avoid problems associated with the friction between the sample and the pistons. During deformation, axial displacement and axial load were measured using a linear variable differential transducer (LVDT) and a load cell, respectively. These measurements were converted to axial strain and axial stress using the sample dimensions. The static elastic modulus of each sample was determined from the elastic portion of the stress-strain curves. We adopt the convention that compressive stresses and strains are positive.
Results
Representative uniaxial stress-strain curves for the dry Buntsandstein samples are provided in Fig. 5a (data available in Table 4 ). The average dry strength of the six Buntsandstein sandstone samples tested varied from ~ 65 to ~ 150 MPa (Fig. 5a ). Representative uniaxial stress-strain curves for dry, water-saturated, and brine-saturated samples (samples from core box number 84) are shown in Fig. 5b . These curves show that the uniaxial compressive strength is lower when the sample is saturated with water or brine. In the example shown in Fig. 5b , the dry strength is 146.0 MPa and the water-and brine-saturated strengths are 94.2 and 94.1 MPa, respectively (Table 4 ). The stress-strain curves and uniaxial compressive strengths of the water-and brine-saturated samples are very similar ( Fig. 5b ; Table 4 ). The representative curves shown in Fig. 5b also show that the axial strain at macroscopic failure and the slope of the stress-strain curve in the elastic region (i.e., the static elastic modulus) are lower when the sample is saturated with water or brine (Table 4) . Table 2 Average connected porosity, average grain diameter, specific surface area, average dry P-wave velocity, and average gas permeability for each of the six sandstones sampled from exploration well EPS-1 at the Soultz-sous-Forêts geothermal site (France)
Physical property data taken from Heap et al. (2017) . Elastic wave velocities and porosities were measured at room pressure and permeabilities were measured under a confining pressure of 1 MPa (see Heap et al. (2017) Heap et al. Geotherm Energy (2018) 6:29 Dry (white circles), water-saturated (black circles), and brine-saturated (grey circles) uniaxial compressive strengths and elastic moduli are plotted as a function of connected porosity in Fig. 6a and Fig. 6b , respectively (data available in Table 4 ). For the rocks tested, there is no obvious relationship between strength (Fig. 6a) or elastic modulus (Fig. 6b) and the connected porosity. The average values of dry, water-saturated, and brine-saturated uniaxial compressive strengths and elastic moduli are provided in Table 5 . These data also show that the average water-saturated and brine-saturated strength and elastic modulus are systematically lower than the dry strength and elastic modulus for all of the studied sandstones (Table 5) . However, the difference in strength and elastic modulus does not vary systematically between the water-saturated and brinesaturated samples (Table 5 ). For example, the brine-saturated strength is slightly higher than the water-saturated strength for samples 84, 157, 198 , and 402 and slightly lower for samples 100 and 540 (Table 5 ). The brine-saturated elastic modulus is slightly higher than the water-saturated elastic modulus for samples 84, 157, 198 , and 402 and slightly lower for samples 100 and 540 (Table 5) . Differences in strength and elastic modulus between the water-and brine-saturated samples are much smaller than the differences between the dry and water-and brine-saturated samples (Table 5) .
The ratios of water-saturated-to-dry strength (white circles), brine-saturated-to-dry strength (black circles), and water-saturated-to-brine-saturated strength (grey circles) are plotted as a function of connected porosity and clay content in Fig. 7a and Fig. 7b , respectively (data available in Table 6 ). The ratio of water-saturated-to-dry strength varies from 0.62 and 0.76, and the ratio of brine-saturated-to-dry strength varies from 0.61 to 0.87 (Table 6 ). The ratio of water-saturated-to-brine-saturated strength varies from 0.83 to 1.13 (Table 6 ). However, although the ratio of water-saturated-to-brine-saturated strength fluctuates above and below unity, there is no systematic variation with connected porosity (Fig. 7a ) or clay content (Fig. 7b) . The ratios of water-saturated-to-dry elastic modulus (white circles), brine-saturated-to-dry elastic modulus (black circles), and water-saturated-to-brine-saturated elastic modulus (grey circles) are plotted as a function of connected porosity and clay content in Fig. 8a and Fig. 8b , respectively (data available in Table 6 ). The ratio of water-saturated-to-dry elastic modulus varies from 0.81 and 0.91, and the ratio of brine-saturated-to-dry strength varies from 0.81 to 0.96 (Table 6 ). The ratio of water-saturated-to-brine-saturated strength varies from 0.87 to 1.03 (Table 6 ). Similar to the strength data, although the ratio of water-saturated-tobrine-saturated strength fluctuates above and below unity, there is no systematic variation with connected porosity (Fig. 8a ) or clay content (Fig. 8b) . 
Discussion

Influence of water on the strength of sandstone
Our uniaxial compressive strength experiments show that the Buntsandstein sandstone is weaker in the presence of water (Figs. 5, 6 , and 7), in accordance with published studies on sandstones from the Buntsandstein (Heap et al. 2019 ) and most other clay-bearing sandstones (e.g., Bell 1978; Hawkins and McConnell 1992; Baud et al. 2000) . Bentheim sandstone and Fontainebleau sandstone, however, sandstones composed of essentially 100 wt % quartz, were found to have very similar dry-and watersaturated strengths (e.g., Reviron et al. 2009 ). The study of Heap et al. (2019) compiled the available data for water-weakening in sandstone and showed that, although there is some scatter in the data, the ratio of wet-to-dry strength in sandstone decreased as clay content increased. In other words, the higher the clay content, the greater the observed water-weakening. Water-weakening in sandstone was considered by these authors to be the result of a reduction in specific surface-free energy in the presence of water (see also Rehbinder et al. 1948; Baud et al. 2000 Baud et al. , 2015 . Heap et al. (2019) suggested that, due to the ability of clays to adsorb water, a higher clay content ensured that more water was adsorbed on the surface of growing microcracks, resulting in a lower ratio of wet-to-dry strength. Although we do not observe a clear trend of waterweakening with clay content in this study (Fig. 7b) , we similarly conclude that the measured water-weakening is a result of a reduction of specific surface-free energy. We also note that the dry-and water-saturated strengths measured here (Table 4) are similar to those measured by Heap et al. (2019) at a lower strain rate of 1.0 × 10 −6 s −1 , highlighting that strain rate does not significantly influence of the strength of these sandstones over this narrow range of strain rate (10 −6 -10 −5 s −1 ). To better understand the role of strain rate on the strength of porous Buntsandstein sandstone, we performed six additional experiments on water-saturated samples of Rothbach sandstone (a sandstone from the Karlstal unit sourced from a local quarry that contains a porosity of ~ 0.2; Heap et al. 2017) . These experiments were performed at strain rates between 10 −4 s −1 (lasting ~ 1.5 min) and 10 −9 s −1 (lasting ~ 115 days) ( Fig. 9 ; Table 7 ).
These experiments show that uniaxial compressive strength is slightly reduced at 6 a Dry (white circles), water-saturated (black circles), and brine-saturated (grey circles) uniaxial compressive strength for the six sandstones sampled from exploration well EPS-1 at Soultz-sous-Forêts (France) as a function of connected porosity. b Dry (white circles), water-saturated (black circles), and brine-saturated (grey circles) static elastic modulus for the six sandstones sampled from exploration well EPS-1 at Soultz-sous-Forêts as a function of connected porosity strain rates < 10 −8 s −1 ( Fig. 9 ; Table 7 ), although the strength differences measured are close to the range expected from the natural variability of porous sandstones. These data are in line with other data that suggest a weak strain rate dependence of strength for porous sandstone in the brittle field (Paterson and Wong 2005 and references therein).
Influence of hydrothermal brine on the strength of sandstone
Based on the measured TDS (Table 3) , the salinity of the hydrothermal brine from production well GPK-2 (Soultz-sous-Forêts) is ~ 10%. Experimental studies have reported that the uniaxial compressive strength of sandstone decreases as salinity is increased from 0 to 10% NaCl, and that strength increases as salinity is increased above 10% NaCl (Shukla et al. 2013; Rathnaweera et al. 2014) . The ratios of water-saturated-to-brinesaturated strengths reported in Shukla et al. (2013) and Rathnaweera et al. (2014) , for a brine concentration similar to the brine used herein (10% NaCl), are 1.05, 1.22, and 1.10 for Melbourne sandstone (S-type), Melbourne sandstone (M-type), and Gosford sandstone, respectively (Table 6 ). Since these ratios are above unity, these studies found, as mentioned above, that the UCS of sandstone is lowered when saturated with 10% NaCl brine (relative to the wet strength). Based on these studies, and the salinity of the brine from production well GPK-2, the brine-saturated strengths of the Buntsandstein sandstones measured herein should be lower than their water-saturated strengths. The lower pH of the hydrothermal brine of 5.5 (Table 3) should also result in a reduction in strength relative to the water-saturated case (pH = 7) (Singh et al. 1999; Wang et al. 2015) . We further note that reductions in specific surface-free energy should be higher as the concentration of hydrogen ions, hydroxide ions, and electrolytes increases (Parks 1984) . However, the average brine-saturated strengths of four of the six sandstones tested are slightly higher than their average water-saturated strengths (Table 5) . We do not, however, interpret these small increases in strength (ratios of water-saturatedto-brine-saturated strengths of 0.95, 0.83, 0.93, and 0.96 for samples 84, 100, 402, and 540, respectively; Table 6 ), or the small decrease in strength observed in two of the six sandstones (ratios of water-saturated-to-brine-saturated strengths of 1.04 and 1.13 for samples 157 and 198, respectively; Table 6 ), as a consequence of the presence of hydrothermal brine. We consider this variation in strength as a result of the natural variability (i.e., slight variations in porosity, average grain size, and average pore size, amongst others) between samples prepared from the same section of core. For example, the variation in dry strength for the three 84 samples was on the order of 10% (Table 4) . We also highlight that the strength of the brine-saturated samples relative to the water-saturated samples did not vary systematically with connected porosity, grain size, or clay content (Table 4; Figs. 6, 7, and 8) . Natural variability could also explain the difference between the water-saturated and brine-saturated strengths reported in Shukla et al. (2013) ( Table 6 ). For example, the dry UCS of Melbourne sandstone (M-type) varied between 160 and 190 MPa (Shukla et al. 2013) . The Gosford sandstone used in Rathnaweera et al. (2014) , however, was very reproducible (values of dry UCS for three samples were 38.95, Fig. 7 a Ratios of water-saturated-to-dry uniaxial compressive strength, brine-saturated-to-dry uniaxial compressive strength, and water-saturated-to-brine-saturated uniaxial compressive strength for the six sandstones sampled from exploration well EPS-1 at Soultz-sous-Forêts (France) as a function of connected porosity. b Ratios of water-saturated-to-dry uniaxial compressive strength, brine-saturated-to-dry uniaxial compressive strength, and water-saturated-to-brine-saturated uniaxial compressive strength for the six sandstones sampled from exploration well EPS-1 at Soultz-sous-Forêts as a function of clay content (clay content is the wt% of muscovite/illite-smectite; Table 1) 39.96, and 39.63 MPa, respectively), adding veracity to the measured ratio of watersaturated-to-brine-saturated strength of 1.10 (Table 6 ). It is our opinion that the influence of natural variability on the strength of the Buntsandstein sandstones measured herein is greater than the combined influence of the salinity (~ 10%) and pH (5.5) of the hydrothermal brine at Soultz-sous-Forêts. However, we do not rule out that hydrothermal brines with higher salinities and lower values of pH could influence the mechanical behaviour of sandstones in a geothermal context. As with the water-saturated tests, we conclude here that the observed reduction in the short-term strength and elastic modulus in the presence of brine, relative to the dry state, is the result of a reduction of specific surface-free energy.
Implications for geothermal energy exploitation
Our study shows that the strength and elastic modulus of the Buntsandstein is not greatly influenced by hydrothermal brine, relative to the water-saturated (deionised water) state (Figs. 5, 6, 7, and 8) . This result, therefore, adds confidence to the upscaled rock-mass estimates of strength and elastic modulus for the water-saturated Bundsandstein sedimentary sequence provided in Heap et al. (2019) . Recent and future geothermal exploitation in the Upper Rhine Graben has and will continue to target the interface between the fractured granitic basement and the overlying sedimentary rocks. Given the lateral extent of the Buntsandstein in this region (e.g., Aichholzer et al. 2016; Vidal and Genter 2018) , the estimates of rock-mass strength and elastic modulus for the Bundsandstein provided in Heap et al. (2019) could be used to assist prospection, stimulation, and optimisation strategies at geothermal sites within the Upper Rhine Graben. Although we provide strength measurements for Bundsandstein sandstone samples saturated with the in situ hydrothermal brine, our experiments were performed at room temperature. The temperature of the Buntsandstein sandstones at Table 6 Summary of the average ratios of water-saturated-to-dry, brine-saturated-todry, and water-saturated-to-brine-saturated strengths and static elastic moduli for the six sandstones sampled from exploration well EPS-1 at the Soultz-sous-Forêts geothermal site (France)
The UCS of the brine-saturated samples taken from Shukla et al. (2013) and Rathnaweera et al. (2014) the Soultz-sous-Forêts geothermal site is between 120 and 140 °C (e.g., Genter et al. 2010) . Experimental studies that investigate the influence of temperature on the strength and elastic modulus of sandstone are rare. Ranjith et al. (2012) , for example, found that, as the testing temperature was increased from 25 to 200 °C, the elastic modulus and uniaxial compressive strength of Hawkesbury sandstone (containing 20% clay) increased from 2.8 to 3.3 GPa and from 36.5 to 42.5 MPa, respectively. An increase in elastic modulus and uniaxial compressive strength as temperature was increased from 25 to 150 °C was also observed by Rao et al. (2007) . However, an increase in temperature from room temperature to 75 °C was observed to reduce the strength of three sandstones under triaxial conditions, interpreted as the result of the Fig. 8 a Ratios of water-saturated-to-dry elastic modulus, brine-saturated-to-dry elastic modulus, and wat er-saturated-to-brine-saturated elastic modulus for the six sandstones sampled from exploration well EPS-1 at Soultz-sous-Forêts (France) as a function of connected porosity. b Ratios of water-saturated-to-dry elastic modulus, brine-saturated-to-dry elastic modulus, and water-saturated-to-brine-saturated elastic modulus for the six sandstones sampled from exploration well EPS-1 at Soultz-sous-Forêts as a function of clay content (clay content is the wt% of muscovite/illite-smectite; Table 1) enhancement of stress corrosion cracking at high temperature (Heap et al. 2009b) . It is clear that experiments under the in situ temperature conditions are now required to further fine-tune upscaled rock-mass estimates of strength and elastic modulus for the Bundsandstein sedimentary sequence.
Conclusions
A recent study by Heap et al. (2019) provided upscaled rock-mass estimates of strength and elastic modulus for the Bundsandstein sedimentary sequence using experiments performed on water-saturated samples. However, the rocks in situ are saturated with hydrothermal brines. It is reasonable to assume that the high salinity (TDS of 97 g/l) (e.g., Shukla et al. 2013; Rathnaweera et al. 2014 ) and low pH (5.5) (e.g., Parks 1984; Singh et al. 1999; Wang et al. 2015) of these brines could influence the strength and elastic modulus of these sandstones. To help fine-tune estimates of rock-mass strength and elastic modulus for the Bundsandstein, we performed 59 uniaxial compression tests on oven-dry, water-saturated (deionised water), and brine-saturated samples of Rothbach sandstone (Karlstal) Fig. 9 Uniaxial compressive strength of water-saturated Rothbach sandstone as a function of axial strain rate (data given in Table 7 ) 18.0
